70 Mev C5+ Ion Induced Modification in Polyamide Nylon-6 by Ali, Syyed Asad
70 MeV C^ * ION INDUCED 
MODIFICATION IN POLYAMIDE 
NYLON-6 
DISSERTATION 
SUBMITTED IN PARTIAL FULFILMENT OF THE REQUIREMENTS 
FOR THE AWARD OF THE DEGREE OF 
illasiter of ^Ijilosfopijp 
IN 
APPLIED PHYSICS 
BY 
SYYED ASAD Ai.I 
UNDER THE SUPERVISION OF 
Prof. S. AHm H. Naqvi Prof. Rajendra Prasad 
(SUPERVISOR) (CO-SUPERVISOR) 
DEPARTMENT OF APPLIED PHYSICS 
FACULTY OF ENGINEERING & TECHNOLOGY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
2005 
^A^'^i^^^b::'-
-s:^^ 
DS3606 
I I 
DEPARTMENT OF APPLIED PHYSICS 
Z.H. College of Engineering & Technology 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH-202 002 (U.P) INDIA 
Phone off. (0571)2703167 
to 27031716* 
Ext. 3035 (Office), 
3036 (Chairman) 
Fax 91 (0571)700042 
Certificate 
This is to certify that work presented in the dissertation entitled "70 
MeV C^ * Ion Induced Modification In Polyamide Nylon-6" which is being 
submitted by Mr. Syyed Asad Ali for the award of the degree of Master of 
Philosophy in Applied Physics to the Department of Applied Physics, Faculty 
of Engineering & Technology, Aligarh Muslim University, Aligarh has been 
carried out under our supervision and guidance. 
We, further certify that Mr. Syyed Asad Ali has fulfilled the 
requirements of Aligarh Muslim University, Aligarh for the submission of 
M. Phil. Dissertation. 
PROF. S. ALIM H. NAQVI 
(SUPERVISOR) 
- ^ A / 3 
PROF. RAJENDRA PRASAD 
(CO-SUPERVISOR) 
Acknowledgements 
JlCC praise and tfianl{s 6e to ALLAH first and Cast hrd and cHerisfier of tfie wfioCe 
universe ivHo Bestowed upon me enougfi guidance and SenevoCence to carry out tHis worli^ 
I fiave great pCeasure to express my sincere gratitude to my supervisor, <Dr. S. Mim 
"K. ^aqvi, (Professor and former CHairman, (Department of J^ppCied <Bliysi~s, Z. K CoCCege of 
'Engineering and TechnoCogy, ^Cigarh MusCim Vniversity, JiCigarfi, IruHa for his vaCuaSte 
guidance, encouragement morat support and HeCpfuC suggestions tfirough out the course of this 
wor^ 
It is matter of great pCeasure for me to avaiCthis opportunity to wor^under ^nd Co-
Supervision of (Dr. (Rajendra (Prasad, (Professor'Emeritus arufformer Chairman, (Department of 
JlppCied (Physics, Z. 7C. CoCCege of Engineering ^  Technology, JlCigarh MusCim Vniversity, 
JiCiga^, India. So first of aCC, I wish to express my deep sense of gratitude to my (Prof 
(Rfljendra (Prasad for vaCuaBCe guidance. I am indeSted to him for numerous stimuCiting 
discussion, criticaC comments and encouragement during the entire course of this wor^ 
I wouCdCi^ to ex}endmy than^fuCness to (Prof %M. LaC, Cfic^irman, (Department of 
^ppCied (physics, providing me aCC the faciCities availuSCe in the department and 
encouragement. 
I take this opportunity to than^(Prof. Javed "Kusain, (Dr. JiCimuddin, and (Dr. Jimeer 
JLzam and aCC other teachers of the department ofJlppCied (Physics who have Been very heCpfuC 
to me.. 
9Ay speciaC thanks go to (Dr. <I(ajesh "Kumar, 'Young Scientist ((D.S-T.), ^ovt. of India, 
(Department of JlppCied'Physics, Ji.M.'V. ^Cigarhfor his encouragement, sympathetic Behavior 
and moraC support for many insights into aim of my work^ 
Thanks are due to (Dr Ji.7(, Sinha (Director VQC-'DJiE Consortium for Scientific 
(Research, %pCkata Centre for providing the experimentaCfaciCities; I aCso express my sincere 
thanks to (Dr. ®. (Das, Scientist V^C-(DJiE Consortium for Scientific 'Research, T{pCkata 
Centre. <D% (D.% Jivasthi, Mr. S. A- 'Kfian, and9dr Touran Singh, O^ucCear Science Centre, 
!Nexv (DeCHi. 
I am aCso e^tremeCy indeStecf to my colleagues. Or. Siliandar Mi, 'MT- Ajo-y Kumar 
MaHur. !Mr (P.M. ZiauC !Hsasn, Sftaikndra 7(umar, <Parvez JLUmad JiCvi, JavedA- ^Rizvi, 
(Rjtu Sfiarma and aU research Scholar in the department and my friend Mr. !Naseem Ahmad 
7(han,Mr. Inamiiddin Siddiqui, for all the heCps me during the course of this study. 
I am greatCy indehted to my parents, Mr. SyyedAhsan A^i and Mrs. Syyeda Afzaal 
Tatima and my aunty, Mrs. Ansari (Begum and my who never deprived me of the freedom for 
exploration and mute affection ever encouraged me and for their prayers Cove and giving me 
enthusiastic at every stage of my study. 
My most affectionate t han^ go to my Brothers Mr. Syyed 'WasifAH, ^^- Syyed 
Hasnain AH, Mr Sha^eC Afiinad farooqui and my uncle Mr Mushfiq Jfusain, who has 
Seen a source of strength for me. 
I gratefjd acknowledge to Mr Mohd. (Rufique (STA), Mr Shahahuddin (L(DC), Mr 
ShamsuCHsasn (T.A-JdndMr %flma[Qarg ('TA), andaCtthe memSerofthe non teaching staff 
in the department. 
(SYYED ASAD ALI) 
Contents 
Chapter-I Introduction 
1.1 Polymers 
1.1.1 Classification of Polymers 
1.1.2 Properties and uses of Polymer 
1.2 Heavy Ions. 
1.3 Formation of ion tracks in Polymers by Swift Heavy Ions (SHI) 
1.3.1 Energy loss processes 
1.4 General effects on polymer by (SHI) irradiation 
1.5 Cross-linking and Degradation 
1.6 Significance of Radiations in the field of material Science 
1.7 Motivation 
1.8 Positrons 
1.8.1 Positron Annihilation 
1.8.2 Positron Annihilation Lifetime Spectroscopy (PALS) 
1.8.3 Positron Annihilation Spectroscopy in Polymers 
References 
Chapter-II Experimental Teclinique 
2.1 Introduction 
2.2 Polyamide Nylon- 6 (PN-6) Polymer 
2.2.1 Physical Properties of Polyamide Nylon-6 
Page No. 
1 
1 
1 
2 
4 
5 
6 
9 
9 
10 
13 
13 
13 
14 
18 
22 
24 
24 
24 
25 
2.3 Irradiation of polymer by C^^  ion beam from 15 MV Pelletron 
Accelerator at Nuclear Science Center (NSC), New Delhi 25 
2.3.1 Pelletron Accelerator 25 
2.3.2. Chamber for High Fluence Irradiation at NSC 27 
2.4 Positron Source 29 
2.4.1. The Positron Sources 29 
2.4.2 Commonly used positron-emitting isotopes 29 
2.5 Positron Annihilation Lifetime Measurement 30 
References 37 
Chapter-Ill Positron Annihilation Lifetime Studies of Polyamide 
Nylon-6 polymer 38 
3.1 Introduction 38 
3.2 Experimental details 42 
3.2.1(a) Polyamide Nylon-6 42 
3.2.2(b) Irradiation 42 
3.3 Positron Annihilation Lifetime (PAL) measurements 42 
3.4 Data acquisition and analysis 43 
3.5 Results and discussion 46 
3.6 Conclusion 53 
References 54 
List of Publication 
^pter 
CHAPTER! 
INTRODUCTION 
1.1 Polymers 
Polymers are macromolecules built up by linking together a large number of much 
smaller molecules. The small molecules, which combine with each other to form 
polymer molecules, are termed as monomers and the process by which they combine 
with each other is known as Polymerization. There may be hundreds, thousands, tens 
of thousands or more monomer molecules linked together in a polymer molecule and 
are called as polymers. Thus polymers have long chain and are high molecular weight 
compounds in which many small molecules combine together. If a monomer 
combines with it self, it forms a homopolymer, if two, then copolymer and if three 
then terpolymer is formed and so on. 
Polymers have existed in natural form since the beginning of life and have 
played crucial roles in the processes of life. Early man exploited naturally occurring 
polymers as materials of basic requirements such as clothing, Shelter, food, tools, 
weapons, decoration, playing and writing etc. However, the origin of modem polymer 
industry, commonly, is accepted as being in the nineteenth century with the 
discoveries in the field of modification of certain natural polymers [1]. 
l.Ll Classification of Polymers 
A large number of chemical compounds undergo polymerization process in 
different reaction conditions and the resulting polymers exhibit wide range of 
physical, chemical, mechanical, thermal and electrical properties. Thus the polymers 
are classified on the basis of their origin and can broadly be classified as natural and 
synthetic polymers. Depending on their structure the polymers can be classified as 
linear, branched and cross-linked polymers. This feature depends on the spatial 
arrangement of the monomeric units with respect to each other. If the monomer 
molecules have been linked together in one continuous length to form the polymer 
molecules, the polymers are termed as linear polymers. Branched polymers are those 
in which there are side branches of linked monomer molecules protruding from 
various central branch points along the main polymer chain. Fig. 1 shows different 
type of polymers. It can be seen that there may be several different kinds of branched 
polymers. The p resence o f b ranching i n a p olymer usually e ffects m any important 
polymer properties. The most significant property change brought about by branching 
is the decrease in crystallinity. 
The polymers in which the polymer molecules are linked to each other at points 
other than ends, are said to be cross-linked Fig. 1.1. Cross-linking can be made to 
occur during the polymerization process by the use of appropriate monomers. It can 
also be modified by the irradiation of heavy ions. 
1.1.2 Properties and uses of Polymers 
Due to their chemical structure, spatial arrangement of monomeric units, molecular 
weight and its distribution and crystallinity, polymers show a wide range of physical, 
mechanical, thermal and electric characteristics. [2,3,4]. Polymers have vast 
technological and scientific applications. Poljoners exist only as solid or liquid but 
never in gaseous form, as they decompose before reaching their boiling point [5]. 
Polymers have applications in almost all fields, such as industry, science and 
technology due to their low cost, easy processibility, low weight, high corrosion 
resistance, high electric resistance and durability etc. Polymers are fast replacing 
metals and alloys in many applications in the field of industry, science and technology 
Linear 
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Fig. 1.1: Structure of linear, branched and cross-linked polymers. 
particularly in space and nuclear technology. 
As ionizing radiations can modify the physico-chemical properties of the 
polymers in a controlled way, the field of ion induced modification in polymers and 
their characterization has emerged as a very challenging field owing to its vast 
technological implications. If the effect is undesirable the term "degradation" is 
commonly used which may cause addition, cross-linking, substitution, hydrolysis, 
chain scission etc. leading to different type of polymer. 
1.2 Heavy Ions 
Atoms consist of nuclei and electrons. If some of negatively charged electrons 
orbiting the tiny positively charged nucleus are removed fi-om the atom, an ion is left. 
If heavy atoms undergo this process, they are called heavy ions. In the last two 
decades heavy ions have emerged as a major tool in atomic and nuclear physics. Light 
and heavy atoms ionized to a high degree resemble those found in hot stars and hence 
the actual situation in stars could be simulated and clarified through the laboratory on 
the earth. The information about a nuclear structure can be obtained by the production 
of deformed heavy system by the ions of different energies. Various areas of research 
in nuclear physics are: nuclear reactions, fusion reactions and study of high spin 
states etc. The relativistic heavy ion collision gives the challenging and wide-open 
frontier of modem nuclear science. Discovery of new elements and search for the 
super heavy elements is another field where the heavy ion research is aimed at. 
Development of techniques for accelerating particle led to a construction of new 
accelerators and modification in accelerators which provide the heavy ion beam 
energy from few MeV to several GeV per nucleon. 
1.3 Formation of ion tracks in polymers by Swift Heavy Ions (SHI) 
Due to the passage of charged particles through insulating solids like polymers, 
narrow paths of intense damage are created on atomic scale which is generally called 
the latent tracks. Track formation depends upon the process by which heavy ions 
loose energy as they pass through, slow down and stop in a solid. When a fast moving 
particle moves through solid, due to interaction of orbital electrons of the atom and 
those around the a toms that make up the solid, it looses all or some of its orbital 
electrons. In an ionization process the charged nuclear particle transfers some of its 
kinetic energy to the atomic electrons with which it encounters. The electrons are 
thereby either raised to an excited energy state or completely removed from the atom, 
thus causing it to become ionized. Thus heavy charged particles loose their energy 
mostly by ionizing the atoms of the absorbing material in which they pass through. 
Particle tracks are formed in many insulating materials and some semiconductors, 
but not in metals [6]. Track formation in solids mainly depends upon 
(i) Total energy loss rate ( J = dE/dx) 
(ii) Angle of incidence of the ion with respect to the detector surface. 
The rate at which the ion loses energy (J = dE/dx) or causes certain alteration in 
solid is related to the production of track in that material. The value of this energy loss 
J must be higher than a particular value called critical value Jc for track formation. 
The value of Jc for one solid is same for all the particles and is different for different 
solids. The incidence angle of the ion with respect to the surface of the detector also 
determines the track formation in the detector. There exists a certain angle 9c (angle 
between the direction of incident ion and the surface of the detector) such that the 
incident charged particles entering the detector surface at an angle less than a certain 
minimum value 0c, its track can not be revealed by chemical etching. When a charged 
ion of atomic number Z traverses the solid, its orbital electrons interact with the 
electrons of the atom of which the solid is made of. As a result a fast moving atom of 
atomic number Z would rapidly become an ion by being stripped of all or some of its 
orbital electrons. Therefore, the ion acquires a net positive charge Z* which can be 
empirically expressed as [7]. 
z*= z [l-exp(-13(^)J (1.0) 
Where p is the speed of ion relative to the velocity of light. At higher velocities Z* ~ 
Z and the dominant interaction is due to the electrical force between the ion and 
atomic electrons in the solid. As a result of this interaction, atomic electrons in the 
solids c an be excited to high energy levels or can be stripped out of the atom. In 
polymers, excitation can lead to the breakage of molecular chains and formation of 
free radicals. The ejected out electrons in atoms called delta rays, can cause further 
ionization and excitation if they have enough energy. In inorganic solids primary 
ionization is the major source of the track damage and the secondary effects of delta 
rays are unimportant. However, in polymers primary ionization as well as delta rays 
contributes to the formation of track. The track may be a more or less cylindrical 
region of ion as shown in Fig. 1.2. 
1.3.1 Energy loss process 
The following processes are involved in energy loss of the particle: 
(1) Electronic Stopping 'Se': Inelastic collision of incident ion with target atomic 
electrons resulting in excitation and ionization of the target atoms. 
(2) Nuclear stopping 'Sn' : elastic collision with screened target nuclei, resulting 
in the displacement of target nuclei. 
The complete energy loss process can be viewed in the Fig. 1.3. 
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Fig. 1.2: Track formation in crystalline solids and polymers 
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1.4 General effects on polymer by SHI irradiation 
In a wide range of polymers, the following major modifications are observed as a 
result of irradiation to heavy ions: 
(a) Cross-linking, i.e. the formation of lateral chemical bonds between different 
polymer chains. 
(b) Degradation, i.e. the scissoring of the main polymer chain. 
(c) Gas Liberation, usually H2 but sometimes include CH4, CO and C O2 and 
other products of side chain decomposition. 
(d) Scission at branch points, the severed sections often remaining trapped 
within the polymer matrix. 
(e) Changes in chemical structure, e.g. the production or elimination of 
unsaturation. 
(f) End Linking and cyclization. The molecular ends newly produced by 
scission being active, may combine with other molecules at the side bonds 
leading to end linking. Monomers belonging to one and the same molecules 
may be linked together leading to cylization. 
(g) Changes in crystallinity in partially crystalline polymers. 
1.5 Cross-linking and Degradation 
Most of the changes in the physical properties of polymers are due to either 
cross linking or degradation. Cross-linking is the formation of a lateral chemical bond 
between two polymer molecules resulting in an increase of molecular weight of the 
polymer. It is generally found to occur at random, proportional to the radiation dose, 
so that eventually it will convert the polymer into a three dimensional network. 
Degradation refers to the scission of the main chain bonds resulting in a reduction of 
molecular weight of the polymer. It is generally found to occur at random 
proportional to the dose, eventually converting the polymer into a low molecular 
weight material. The reduction in molecular weight can be readily followed by 
reduced viscosity, increased osmotic pressure and increased extent of light scattering. 
Both cross-linking and degradation occur simultaneously when polymers are 
irradiated, but one of them predominating over the other, depending on the chemical 
structure of polymers. It is generally observed [8] that polymers with structure -CH2. 
CRi R2 - where either Rj or R 2 or both hydrogen atoms, predominantly crosslink; 
whereas others with both Ri and R 2 as bulky side groups, predominantly degrade. 
The classification of polymers into cross-linking and degrading type according to this 
scheme is shown in the Table (1.1). 
Recently, Tsuda and Oikawa [9] theoretically examined the criterion for cross -
linking and degradation and found that the effect of radiation on polymers c an be 
interpreted as chemical reactions in the excited states. Degradation occurs when little 
or no activation energy is required in the main chain cleavages reaction while cross -
linking occurs when moderate or large activation energy is required in the main chain 
cleavage reaction but little or no activation energy is needed in the C - H bond 
cleavage reaction. 
1.6 Significance of Radiations in the field of material Science 
Investigation on the effects of ion irradiation on polymers has become, in recent 
years, a subject of interest to both scientists engaged in basic research and engineers 
with practical applications. For scientists, heavy ion irradiation offers an extremely 
powerfiil tool to modify polymers under strictly controllable conditions and to study 
the effect of such modifications on the resultant physical, chemical, structural and the 
other properties. Industrial, radiation induced polymerization; radiation grafting and 
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Classification of Polymers 
Table- 1.1 
Cross-linking Polymers Degrading Polymers 
Polyethylene Polyisobutylene 
Polypropylene Poly-a-methylstyrene 
Polyst3T:ene Polymethacrylates 
Polyacrylates Polymethacrylamide 
Polyacrylamide Polyvinylidine chloride 
Polyvinyl chloride Cellulose 
Polyamides Cellulose acetate 
Polyesters Polytetrafluoroethylene 
Polyvinylpyrolidone Polytrifluorochloroethylene 
Natural rubber Polymethacrylic acid 
Synthetic rubbers (except Poly-a-methacrylonitrile 
Polyisobutylene) Polyethylene terephthalate 
Polysiloxanes Polyoxymethylene 
Polyvinyl alcohols 
Polyacrolein 
Polyacrylic acid 
Polyvinyl alkyl ethers 
Polyvinyl methyl ketone 
Polymethylene 
Chlorinated polyethylene 
Chlorosulphonated polyethylene 
Polyacrylonitrile 
Sulphonated polystyrene 
Polyethylene oxide 
11 
radiation curing o f p olymers c onstitute a few a mong t he s everal o ther a reas w here 
radiation processing appears to be either economically competitive or technologically 
advantageous, as compared to the conventional methods. In space technology, the 
effects of radiation on space vehicle components now represent an important aspect of 
engineering specification and design. Finally, the increasing importance of nuclear 
power has also added to the demand for materials with special performance 
characteristics in nuclear environments. 
Irradiation of pol3Tners results in a number of physical and chemical changes, 
both temporary and permanent. These modified properties are not due to any change 
in nuclear structure, but arise from new electronic configurations and hence new 
chemical reactions. Many of these reactions can be initiated by chemical means, but 
high-energy ion radiation has a number of distinct advantages. It can penetrate and 
induce reactions in solid state, over a wide range of temperatures and environments. 
This subject has been exhaustively reviewed in the literature [10,11]. 
Many field such as micro-electronics, biology and medicine, surface and membrane 
technology, magneto-optics and low temperature physics require a high degree of 
geometric control on a microscpic scale. Ion irradiation offers a possibility to modify 
the properties of the materials in a controlled way on microscopic scale. Ionizing 
radiation have a definite range of penetration, a high local confinement of deposited 
energy and can be stored in definitely in many insulators and can be used to initiate a 
phase transformation process that modifies the material along the latent track. One ion 
suffices to induce- physically and chemically a submicroscopic change in the target 
material and thereby can render it susceptible to the development process [12]. A lot 
of work in the field of ion beam treatment has been carried out to investigate t he 
interaction of charged particles with matter. The application of ion beams now a days 
12 
range from the use of low energy ions in the field of surface technology to the 
application of relativistic heavy ions in radiation therapy. 
1.7 Motivation 
The motivation behind the present work is to study swift heavy ion induced 
modification in the free volume properties in a polymer using Positron Annihilation 
Lifetime Spectroscopy (PALS). Some aspects of PALS are discussed below: 
1.8 Positron 
Positron was discovered by Anderson [13] on 2"^ August, 1932 fi-om the length of the 
tracks in the Wilson cloud chamber. Anderson concluded that he had observed the 
particle with same mass as that of electron but of opposite charge i.e. +e Hence 
Positron is the anti particle of the electron. 
1.8.1 Positron Annihilation 
The damage caused by the passage of energetic ion modifies the free volume 
properties of the polymeric material. The concept of free volume has significant 
importance for the gas permeation properties of polymeric membranes as well as for 
other related subjects of polymer science. The positron annihilation lifetime 
spectroscopy is capable of probing free volumes directly. The atomic scale free 
volume holes are detected on the basis that the positronium (Ps) atoms are formed and 
localized in the free volume holes [14]. The ortho-positronium (o-Ps) lifetime has a 
strong correlation with the size of the free volume. 
Now a day. Positron annihilation has become established as a usefiil tool in the 
field o f material s cience and is successfully applied for the i nvestigation of defect 
structures present in metals, alloys and technologically relevant materials such as 
polymers. Positron-electron pair is unstable and annihilates by emitting two y-
13 
photons of energy 511 KeV each in opposite direction, since the linear momentum is 
to be conser\'ed. 
Positron annihilation is undertaken to study of Fermi surface of the metals and 
alloys and also it has been found that positron annihilation is quite sensitive to the 
lattice defects and is a common technique used in the study of lattice defects, phase 
transitions and liquid alloys. Positron electron pair can also be formed as a quasi-
stationary state called positronium. It is analogues to the hydrogen atom. Positronium 
is found in the Para state called Para-positronium(p-Ps) and ortho state called ortho-
positromum(o-Ps). Para-Ps will decay two y- photon and the ortho-Ps will decay by 
three Y-photon. Ps is generally not formed in metals. Positron aimihilation 1 ifetime 
spectroscopy provides direct information about the dimension, content and hole size 
distribution of the free volume in polymers. The Positron annihilation technique has 
also made its entry in the field of semiconductor technology and the positron 
aimihilation measurement techniques (lifetime, Doppler-broadening and angular 
correlation) integrate a large number (often~10*) of aimihilation events. Hence today 
this technique has become established as a useful tool in material science and has 
been successfully applied for the investigation of defects structures present in 
technologically relevant materials like polymers. 
1.8.2 Positron Annihilation Lifetime Spectroscopy (PALS) 
The Positron annihilation Spectroscopy is one of the most important tools for the 
study of defect in solids. Almost all experiments use the properties of the two-gamma 
annihilation reaction. 
e"^  + e ' -> 2 Y 
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When a positron with an energy of few hundreds of KeV, e.g. from nuclear decay 
from radio-isotopes such as ^^ Na enters molecular solids, it interacts with the 
molecules through elastic collision processes. It reaches the thermal energy in a few 
pico seconds by a succession of ionizing collisions, electron hole excitation and 
phonon interactions. For the period of thermalization and at nearly thermalized stage, 
a positron captures an electron from the surrounding medium and forms an atom of 
positronium (Ps). Thus the bound state of positron-electron pair is formed similar to a 
hydrogen atom. Therefore, during its lifetime, the positron may exist in both positron 
and Ps states in molecular solids. The polymeric materials have local free volumes 
which have the radius of few A. These are the favorable sites where the positron and 
Ps atoms are localized before annihilation [15, 16]. It is schematically shown in the 
Fig.l .4.1n the polymeric material, the positron has following two possible states at the 
time of aimihilation 
(I) Free (delocalized) and /or localized posifron state 
(II) Free and /or localized Ps state. 
The localization sites are free volume holes which are more favorable sites than the 
bulk for positrons and Ps. The Positron Annihilation Spectroscopy probes only free 
volume regions and is not interfered by the bulk properties of the polymeric material 
[18]. The ground state of Ps atom has two spin states (i) Singlet, 1 ' So state, or an anti 
parallel spin state, called para-posifronium. (p-Ps) (ii) triplet, 1 ^ So state or a parallel 
spin state, called ortho-posifronium (o-Ps). The energy splitting is only 8.4x10"^  eV, 
the singlet state being the lower one. Accordingly, in the absence of ortho-para 
conversion, % of the positronium atoms are in the singlet state and Vt, in triplet state. 
The para-positronium in free space annihilates with mean life of 125 ps, by emitting 
2Y-rays of 511 KeV each in opposite directions whereas o-Ps annihilates in vacuum 
15 
Fig. 1.4: Schematic view of Ps localization in free volume holes in a 
Polymeric material [17] 
16 
with mean life of 142ns by emitting Sy-rays (continuous energy spectrum). The o-Ps 
lifetime in condensed matter is considerably smaller than the vacuum value of 142 ns, 
because of the pick-off annihilation of positron by surrounding electrons of 
appropriate spin orientations (anti-parallel one) via two-quantum emission. The 
lifetime of the o-Ps confined in the local free volume of the polymers lies typically 
between 2 to 5x10"' s. [16, 19-23]. 
The positron lifetime can be registered as a time difference between the emissions of 
1.27 MeV y-quantum generated almost simultaneously with the positron in Na 
isotope which is the most commonly used positron source and one of the 0.511 MeV 
annihilation y-quanta Fig 1.5. 
The lifetime spectrum of polymeric material is conventionally described by a 
sum of discrete exponentials: 
n 
Where n is the number of exponential terms, Ij and X^  representing the number of 
positrons (intensity) and the annihilation rate respectively for the annihilation from 
the ith state. The positron annihilation rate, Xj is the reciprocal of positron mean 
lifetime, ij.The PAL spectrum is fitted by a finite number of component terms, n, 
using the computer codes [24, 25]. For polymers n=3 is selected to fit the observed 
lifetime spectrum. A typical positron lifetime spectrum in polytetrafluroethelene, 
commercially known as Teflon is shown in Fig. 1.6. The three components which, 
appear in the lifetime spectrum, are attributed to the annihilation of p-Ps, free 
positrons (not Ps) and o-Ps. The shortest component, x\ = 0.13±0.03 ns with intensity 
li = 7-20 %, is attributed to p-Ps. The intermediate component, TJ =0.4-0.5 ns and the 
intensity I2 = 40-60 %, is attributed to the direct annihilation of positrons. The longest 
17 
component, 13 = 2-5 ns and intensity between 10-30 %, is attributed to o-Ps 
annihilation in free volumes. The o-Ps lifetime is found to sensitively depend on the 
size of the free volume [26-28]. 
1.8.3 Positron Annihilation Spectroscopy in Polymers 
Posifron Annihilation Spectroscopy (PAS) has become established as a useful tool as 
almost certainly the most valuable and winning technique for the direct assessment of 
the free volume in polymers. PAS is capable of determining the local hole size and 
free volume fractions in polymers without interfering significantly with the bulk of 
the polymers. PAS has also been developed to be a quantitative probe o f the free 
volume. It also gives detailed information on the distribution of free volume hole size 
in the range from 1 to 10 A. The annihilation of positrons in condensed matter like 
polymers provides a unique way of obtaining information about the internal structure 
of material. This information is transmitted through y-rays, emitted when the positron 
annihilates in the material. The internal structure of the material may be probed by 
measuring three fundamentally different quantities: 
(1) Angular correlation between emitted y-rays, 
(2) The energy distribution of the y-rays 
(3) The lifetime distribution of Positron, 
Thus the Positron Annihilation Spectroscopy is a family of three experimental 
techniques: 
Angular Correlation of Armihilation Radiation (AGAR) 
Doppler Broadening Spectroscopy (DBS) 
Positron Annihilation Lifetime Spectroscopy (PALS) 
These three methods of positron annihilation are shown in Fig 1.5. Because 
energy and momentum are conserved in the annihilation process, the two y - rays 
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Fig. 1.5: Three methods of positron annihilation 
Fig. 1.6: A typical lifetime spectrum of Teflon (polytetrafluroethelene) [29] 
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resulting from the usual electron-positron pair annihilation each have an energy equal 
to the rest-mass energy of an electron or positron (moC =511 keV) ± AE where AE 
is an energy shift. The two y - rays nearly propagate in opposite directions ± an 
angular deviation 0, as shown in figure 1.2 the deviations AE and 9 arise from the net 
momentum of the a nnihilating positron-electron pair. However, since the positrons 
have only thermal energies just prior to annihilation, the values of AE and 9 
corresponde only to the momenta of the aimihilating electrons. All these techniques 
have recently been applied to polymers. In the present study PALS has been used to 
investigate modifications in free volume holes in the polymers induced by the ion 
bombardment. 
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0^ ter 
Chapter II 
Experimental Technique 
2.1 Introduction 
This Chapter deals with brief description of the equipments with their relevant details 
and specifications used in the experiments carried put and various techniques for the 
offline measurements employed in this dissertation. The present work involves the 
following stages: 
[1 ] The material: the poljoner studied and its chemical structure. 
[2] Brief description of 15 MV Pelletron Accelerator at Nuclear Science Centre 
(NSC), New Delhi and heavy ions from it. 
[3] Material science chamber for high fluence irradiation 
[4] Positron Source. 
[5] Positron Aimihilation Lifetime Measurements. 
2.2 Polyamide Nylon- 6 (PN-6) Polymer 
Polyamide Nylon-6 polymer was obtained from Good fellow, Cambridge Limited, 
England. The polyamides are a family of thermoplastics e.g. Polyamide Nylon-6, 
Nylon-66 and Nylon-610 which are among the toughest engineering plastics with 
high vibration-damping capacity, abrasion resistance, inherent lubricity and high load 
capacity for high speed bearings. They have a low coefficient of friction and good 
flexibility. Pigment - stabilized types are not affected by ultraviolet radiation and 
have good chemical resistance. Polyamides are used extensively as high performance 
plastics materials because of their unique combination of superior mechanical, 
electrical, chemical and thermal properties. Applications include bearings, electrical 
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insulators, gears, wheels, screw fasteners, cams, latches, fiiel lines and rotary seals. 
The molecular structure of Polyamide Nylon-6, polymer is used for present study. 
O H _ 11 1 
- C - ( C H , ) ^ 1 
N— 
2.2.1 Physical Properties of Polyamide Nyloii-6 
Density (p) = 1160 Kg m"^  
Tensile Strength = 60 N mm"^  
Elongation = 90% 
Young Modulus E = 2.4 Gn m-^  
Brinell Hardness Number (BHN) = 10 
Machinability = Excellent 
2.3 Irradiation of polymers by C^ ion beam from 15 MV Pelletron Accelerator 
at Nuclear Science Center (NSQ, New Delhi 
2.3.1 Pelletron Accelerator 
A schematic diagram of N.S.C. Pelletron accelerator is shown in Fig.2.1 
The NSC Pelletron accelerator is 15 UD tandem Van de Graff electrostatic 
accelerator [1]. It is capable of accelerating any ion from proton to uranium (except 
the inert gases) in the energy range from a few tens MeV to a few hundred MeV, 
depending on the ion species. The accelerator is installed in vertical geometry in a 
stainless steel tank which is 26.5 meter high and has 5.5 meter diameter. In the middle 
of the tank there is a high voltage terminal which can hold potential from 4 to 16 MV. 
The terminal is connected to the tank vertically with ceramic titanium accelerating 
tubes. The tank is filled with high dielectric constant SFg gas at 6-7 atmospheric 
pressure to insulate the high voltage terminal from the tank wall. A potential gradient 
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is maintained through the accelerating tubes from the ground potential, and from the 
terminal to the ground potential at the bottom of the tank. Negative ions of suitable 
energy from source of negative ions by Cesium Sputtering (SNICS) ion source are 
injected into the accelerator and are accelerated towards the positive terminal. In the 
first stage of acceleration, the singly charged negative ions from the ion source are 
accelerated from ground potential to the terminal at high positive potential V. The 
energy gained in the process is eV. The beam is then made to pass through a stripper 
foil where the ions are stripped off the electrons thereby making them positive ions. 
The average charge of the ion depends upon the type of the ion and the terminal 
voltage. If q is the charge state on the positive ions after passing through the stripper 
foil, the energy gained by accelerating it from the terminal to the ground potential 
should be qeV. Thus after passing through the two stages of the acceleration, the final 
energy of the ion in electron volts is given by 
E = (q+l)V (1) 
These high-energy ions are then passed through the analyzing magnet and energy slit 
which selects the particular ions of the desired energy. The beams of ions are then 
directed towards the desired experimental area with the help of a seven port-switching 
magnet. 
2.3.2. Chamber for high fluence irradiation at NSC 
This high vacuum chamber (38 cm diameter) has a facility for temperature controlled 
(liquid cooled) multiple sample holders having provision for linear movement of 120 
mm and a rotation of 360*' shown in photograph 2.1. A vacuum of 10"^  m bar is 
maintained by using a diffusion pumping system filled with a LN2 trap. A remote 
controlled target holder can be positioned perpendicular to the beam line for 
irradiation. Various samples can be irradiated in an experiment using below-sealed 
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Photograph 2.1: General Purpose Scattering Chamber installed at 
15" beam line at Nuclear Science Center, New Delhi 
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linear movement of the holder by 140mm. Material science beam line is used for ion 
fluence up to ~ lO'^  ions/cm .^ For irradiation one has to observe whether ion beams is 
falling at the desired place on the quartz or not, only after that the beam is allowed to 
fall on the irradiated samples. The rectangular ladder used to fix up seven samples 
contains four faces and auto control switches can change its position. ACCTV camera 
was also attached to one of the ports of chamber for viewing the sample position. XY 
scanner can scan the beam on the target for uniform irradiation. 
2.4 Positron Source 
2.4.1. The Positron Sources 
More than 200 positron- emitting nuclides are known of which about a dozen can be 
used as sources in positron annihilation experiments [2]. A large majority of 
investigations on solids by positrons has been done with ^^ Na or *^Co positron 
sources, mainly because of their low production costs and relatively convenient half-
lives. Table 2.1 list many of the relevant properties of the commonly used isotopes [3]. 
2.4.2 Commonly used positron-emitting isotopes 
Table-2.1 
Isotope Half life 
decay(in%) 
Maximum 
energy or end 
point energy 
Application in 
lifetime 
studies 
^^Na 2.6 Y 90 0.54 Yes 
'^'Co 71 d 15 0.47 Yes 
^^Ti 47 Y 94 1.47 Yes 
•'^ Cu 12.7 h 19 0.66 No 
"^Ge 257d 88 1.90 No 
^'Ni 36 h 46 0.85 Yes 
^"Nb 14.6 h 53 1.50 No 
"Co 18.2 h 77 1.50 Yes 
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2,5 Positron Lifetime Measurements 
Positron annihilation lifetime measurements were made at the UGC-DAE Consortium 
for Scientific Research, Kolkata Centre. This fast - fast coincidence set up is shown in 
the photograph 2.2. The positrons for the lifetime measurements were obtained from 
the radioactive decay of Na isotope, which is the most commonly used source of 
positrons. ^^ Na decays to the excited state of ^^ Ne by emission of positron and a 
neutrino. The decay scheme of Na is shown m Fig.2.2 
^^ Na -^ ^^ Ne + e^+y (2) 
The ground state of ^^ Ne is reached after 3.7 ps by emission of y quantum of 1.27 
MeV. Competitive processes with lower probabilities are electron capture (EC) and 
direct transition to the ground state of Ne [4]. ^ ^Na isotope gives a relatively high 
positron yield of 90% and has several other advantages. The appearance of 1.27 MeV 
Y quanta almost simultaneously with the positron emission, the easiness of its 
handling for laboratory work, comparatively 1 arge half-life (2.6years) and low cost 
make this isotope the most useful source material in positron research [5]. The 
positron annihilation lifetime was registered as a time difference between the 
emissions of the 1.27 MeV y -quantum generated almost simultaneously with the 
positron and one of the 0.511 MeV annihilation y -quanta. Positron source was 
prepared by evaporating 5 (xCi of aqueous ^^ NaCl salt on a thin (~8|jin) rhodium foil. 
The source foil was a thin in order to reduce the background of 0.511 MeV 
annihilation photon. The positron source is sandwiched between the two identical 
samples of the material, the thickness of which was sufficient enough (>100 fim) to 
absorb all the positron [6]. In the present study the samples were in the form of films 
of ~ 50 u^n thickness. Therefore, the source deposited on rhodium foil was 
30 
"Nc 
1274 KeV 
1274 WS^ 
22T, Fig. 2.2: Decay Scheme of Na 
Photograph 2.2: Positron lifetime measurement set up at 
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sandwiched between two identical stacks of eight layers of the sample film, shown in 
Fig. 2.3. 
The PAL spectra were obtained using conventional fast-fast coincidence spectrometer 
whose block diagram is shown in Fig.2.4. Fast Bafz scintiliators in truncated conical 
geometry coupled to Philips XP2020 photo multipliers were used. The conical shapes 
of the scintillators improve the light collection process [7]. Ortec 583 Constant 
Fraction Differential Discriminators (CFDD) were used for selecting energy and 
providing timing signal independent of the rise time and amplitude of the anode signal 
from the PM tubes to Time to Amplitude Converter (TAC) (Ortec567). The windows 
of the CFDDs in start and stop arms were adjusted for 1.27 MeV start and 0.511 MeV 
stop signals respectively. Detection of the 1.27 MeV gamma photon provides the 
start signal for a TAC. The stop signal is generated by the detection of one of the 
0.511 MeV gamma photons obtained from the annihilation of positron. If legitimate 
gamma-gamma coincidences are observed, a pulse whose amplitude is proportional to 
the time interval between start and stop signals is sent from the TAC to a multi-
charmel analyzer (MCA) where it is stored in the appropriate time channel. The 
uncertainty in the measurement of lifetime was estimated by observing the 
distribution of time interval when Na source is replaced by '*'Co which emits two y-
rays almost simultaneously. The prompt curve is shown in Fig. 2.5. The full width of 
this prompt distribution at half maximum was -280 ps. Using the above mentioned set 
up positron armihilation lifetimes for virgin and irradiated polyamide Nylon-6 
samples were measured. 
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OaP^' T 
CHAPTER III 
Positron lifetime studies of Polyamide Nylon-6 polymer 
3.1 Introduction 
When an energetic ion passes through the polymeric material, it looses energy by 
nuclear stopping and /or electronic stopping. The outcomes of the ion irradiation on 
the polymers include electronic excitations, phonons, ionization, ion pair formation 
and chain scission. Various gaseous molecular species may be released during 
irradiation. Most prominent emission is hydrogen followed by less abundant heavier 
molecular species which are scission products from the pendant side groups and chain 
and segments and their reaction products. Cross-linking occurs when two free 
dangling ions or radical pairs unite, whereas double or triple bonds are formed if two 
neighboring radicals in the same chain unite. Magnitude of scission and cross-linking 
depends largely upon the energy loss mechanism. Nuclear stopping is supposed to be 
responsible for scission and electronic stopping is responsible for cross-linking 
although both the processes can cause cross linking as well as scission [1]. 
Ion induced modifications of the polymeric materials have been attempted in a 
variety of ways using the ion energies from few hundred KeV to few hundered MeV. 
From the lightest ions like H"^ , He"^  to heavy ions Au"^  and U"^  have been employed for 
the modification of polymeric materials. Most of ion beam experiments are related to 
the implantation modification of polymers. These are mostly focused on the study of 
conductivity changes resulting from ion implantation [2]. Ion implantation has also 
been used to improve the surface, optical and gas permeation properties of polymers. 
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Availability of heavy ion accelerators has given new impetus to the field of ion 
induced modifications. Ion induced modifications in physical and chemical properties 
and the potential areas of its application are discussed in detail by Lee [3]. 
The ion path in a polymeric material is described by a cylindrical trajectory 
defined by the physical core of radius re (the approximately limiting distance from the 
particle trajectory at which electronic excitation occurs initially), and halo or 
penumbra with radius Tp (outer most cylindrical boundary of 5-rays or secondary-
electrons emitted along the path of swift heavy ion) [4]. Another distance which lies 
between physical core and penumbra is called chemical radius, rch. It defines a range 
where a chemical reaction occurs, rch is thus determined by the diffusion and reaction 
rates of active chemical species such as radicals, cations , anions, electrons and other 
activated chemical species. Shapes and sizes of track entities are first defined and then 
followed by the formation of active chemical species, diffusion and their interaction 
via chemical and columbic forces. Some chemical species may recombine and 
neutralize in a dense chemical sea while some may diffuse out to the halo region and 
mix up with the species induced by the 8-rays. In most o f the c hemical reactions, 
cross-linking and scission take place near re where concentration of radicals and ion 
pairs is high due to slow migration of radicals. The radius of core and hole depends on 
energy per nucleon. These may be of the order of 1-10 nm and 10-lOOOnm 
respectively [5]. The value of TC and Tp depends on the energy per nucleon of the ion. 
5-rays, penumbra rp, physical core and re are pictorially represented in Fig.3.1. 
Positron annihilation spectroscopy (PAS) has emerged as a unique and potent probe 
for characterizing the free volume properties of polymers [7]. Unlike other methods 
used to determine free volume in polymers, (PAS) is capable of determining the local 
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Fig. 3.1: Pictorial representation of ion track showing physical core re halo rp and 
0- Rays. [6]. ^ 
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hole size and free volume fractions in polymers without interacting significantly with 
the bulk of polymers. PAS has been developed to be a quantitative probe of the free 
volume, but it also gives detailed information on the distribution of free volume hole 
size in the range from 1 to 10 A. 
The positron annihilation lifetime (PAL) spectroscopy is capable of probing 
free volumes directly. The atomic scale free volume holes ate detected on the basis 
that the positronium (Ps) atoms are formed and localized in the free volume holes [8]. 
In PAL spectra it is the o-Ps lifetime which is very sensitive to structural changes in 
the polymer and is directly correlated to the free volume hole size [9]. PALS is a 
probe that gives considerable information about the microstructure of materials. It has 
recently been used on polymers with interesting results [10-12]. In Polymer sample 
there is substantial pick off annihilation with lifetimes of the order of 1000-2000 ps. 
This is suggested due to large voids in the polymer structure. The energy transfer due 
to ion irradiation tends to radical formation, bonds scission and cross-linking, 
depending essentially on the polymer and linear energy transfer (LET). Lee (1999) 
has observed that for low LET, spurs (an e nergy loss event in a track involving a 
small energy deposit) develop for a part and independently, the deposit energy leads 
to be confined in one chain (not in neighboring chain) leading to scission [6]. 
Trautmann (1999) and Fink (1999) have indicated that scission causes an increase in 
the free volume where as the cross-linking reduces the available free volume. At high 
LET spurs overlap, the probability of two radical pairs to be in neighboring chains is 
increased and cross -linking is facilitated [13,14]. 
In the present work characterization of structural changes in polyamide Nylon-
6 polymer caused by the ion beam of energetic C^^ ions of 70 MeV has been carried 
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out through positron annihilation Hfetime spectroscopy for the study of the 
modification in free volume induced by C ^ ions in Polyamide Nylon-6. 
3.2 Experimental details 
3.2.1(a) Polyamide Nylon-6. 
Polyamides are used as high performance plastic materials because of unique 
combination of their superior mechanical, electrical, chemical and thermal 
properties. The structure of Polyamide Nylon-6 is given as: 
•C-(CH2)-N-
Polyamide Nylon-6 in the form of a flat film of thickness 250(im was procured 
from Good Fellow Cambridge Ltd. (U.K.). 
3.2.2 (b) Irradiation 
Samples of size 1.5x1.5 cm were mounted on a vacuum shielded vertical sliding 
ladder and were exposed to 70 MeV C ^ ion beam in the General Purpose Scattering 
Chamber (GPSC) under high vacuum (-4x10"^ Torr) from 15 UD Pelletron 
accelerators at NSC, New Delhi, India [15]. Different samples were irradiated to the 
fluences of 9.3xlO", 3.7xlO'^ l.SxlO'^ and 3.7xlO" ions/cml In order to expose the 
whole target area uniformly, the beam was scarmed in the X-Y plane. 
3.3 Positron AnnitiiiatioD Lifetime (PAL) measurements 
Positron Annihilation Lifetime (PAL) measurements were made at UGC-DAE 
Consortium for Scientific Research, Kolkata Centre. A specially designed 5|iCi ^ ^Na 
source deposited on a rhodium foil was sandwiched between the stacks of two layers 
of polyamide Nylon-6 Polymer film. The thickness of the stacks was adequate (~ 
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400jim) to absorb more than 99% of positrons emitted. PAL spectra were recorded 
using Fast-fast coincidence spectrometer which entails monitoring of the signals; 1.28 
MeV gamma ray from positron decay of the source as start signal and 0.511 MeV 
gamma ray from the positron annihilation in the material sample under study as the 
stop signal. BaFz scintillators coupled to Philips XP2020 Photomultipliers tubes were 
used for fast timing. The energy resolution is associated mainly with the slow 
component at 310 nm with decay constant of 620 ns and emitting about 80% of the 
total light. Apart from the advantages of the fast component, BaFz is attractive due to 
its high atomic number Ba (56) and relative high density of 4.88 g/cm^ which are 
favorable properties for high photo peak detection efficiency for gamma rays. ORTEC 
Constant Fraction Differential Discriminators (CFDD) were used for selecting energy 
and providing time signals to Time to Amplitude Converter (TAC). 
3.4 Data acquisition and analysis 
The lifetime spectra for the samples were recorded for ~ 100000 total counts 
and under the same experimental conditions. The count rate was ~ 8 S-'. '^Co 
prompt Spectrum at ^^ Na gate was recorded. The fiill width at half maximum 
(FWHM) of this spectrum was ~ 0.280ns. The stability of the specfrometer was 
ensured by measuring the width of the resolution fiinction (FWHM) at the start and 
the end of the experiment. The lifetime spectra of well annealed aluminum and PI 
(Kapton) which have only one lifetime component were recorded in the same 
experimental settings and with the same position source as a reference spectrum. 
Good variance and only statistical scatter of the bulk lifetime of reference samples 
indicate the stability of the spectrometer [16]. It can, therefore, be assumed that the 
resolution function and the source components are expected to be identical in all 
spectra. However, the total source contribution may differ due to different positron 
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back-scattering coefficients, The lifetime parameters of source were estimated by 
assuming the positron Hfetime in well annealed Al and Kapton foil, T = 0.164 ns and 
T = 0.385 ns respectively and fixing them during the fitting procedure. 
The lifetime spectra of unirradiated and irradiated PolyamideNylon-6 samples are 
shown in Fig. 3.2. Computer code PATFIT [17] was used for spectra analysis. This 
program allows a positron spectrum to be analyzed in terms of discrete components, 
as well as in terms of continuous sum of decay curves given with a log normal 
distribution. The program can also carry out a mixed analysis in the sense that some 
components can be constrained to be discrete whilst others may be treated as 
continuous. In mixed analysis the longest component is assumed to be continuous 
because of the fact that shorter components should not give large distributions owing 
to their origin, while the longest one should reflect the whole distribution. PATFIT 
decomposes a PAL spectrum into 2-5 terms of negative exponentials. In polymers 
three lifetime results give the best x (<1-1) and most reasonable standard deviations 
[18]. o-Ps aimihilation in the spherical free volume can be described by a simple 
quantum mechanical model of spherical potential well with an electron layer of 
thickness AR. The results of o-Ps lifetime (13), the longest lifetime due to o-Ps pick 
off annihilation were employed to obtain the mean fi^ee volume hole radius by the 
semi-empirical equation [19,20]. 
1 1 
t3 
A, 2 V -^0 y 
(3.1) 
Where 
T3 is the long lived component (o-Ps lifetime) in ns 
R is the hole radius expressed in A 
Ro equals R+AR where AR is the fitted empirical layer thickness (= 1.66A) 
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Average micro- void volume Vfcan be computed by —nR' and the fractional volume 
fv is given by as 
f,=c{\7lR')xI, (3.2) 
Where c is a structural constant evaluated from an independent isochronal experiment 
and is determined empirically to be ~ .0018 [21] and I3 is the intensity of the o-Ps 
component. 
3.5 Results and discussion 
The lifetime parameters of the un-irradiated and irradiated samples of Polyamide 
Nylon-6 polymer obtained from the analysis of PAL spectra are presented in Table-
3.land Table-3.2. The simple component Xi, attributed to free aimihilation of 
positrons changes from 0.36 to 0.39 ns. This value lies within the value (0.3 - 0.5 ns) 
as reported in the literature. The intensity of this component is around 50% and shows 
the marginal variations with increasing fluences. The lifetime TI, corresponding to p-
Ps is found to vary from 0.16 to 0.20 ns and corresponding intensity shows marginal 
change with fluences. It is observed that the lowest lifetime Z\, attributed to p-Ps 
annihilation is found to be slightly larger than the expected value of TI =0.125 ns. In 
particular the intensity ratio 73- which should reflect the intensities of the p-Ps and 
o-Ps annihilation can be much larger than the theoretical value ofy. It has been 
recently shown that these discrepancies observed in the conventional discrete term 
lifetime analysis can be attributed, at least in part, to the distribution of o-Ps lifetime 
due to the hole size distribution [20, 22, 23]. In a recent study, Dlubek et al [24] 
presented evidence that the discrepancies (TI >0.125 ns and y^- >}) appearing in the 
lifetime spectrum analysis of polymers can be explained by assuming not only on o-
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Ps but also a free positron (e*) lifetime distribution, both of which may originate from 
free volume hole size and shape distribution occurring in amorphous polymers [23, 25 
and 26] and in organic liquids (bubbles) [27-29]. o-Ps pick off annihilation in free 
volume represented by the long lived component T3, is very sensitive to structural 
changes in the polymers. In PALS it is the lifetime which is directly correlated to free 
volume hole size. The intensity of this component contains information about the free 
volume hole concentration [7]. The results for the pristine samples are of the same 
order as reported values for some pol5Tners [30-35]. 
Table -3.2 presents the values of free volume hole radius, R, micro void volume, 
Vf and fractional volume, fv, calculated from o-Ps lifetime T3. o-Ps lifetime,T3 and, 
therefore, the free volume hole radius, R decreases with fluence at the fluences 
studied here. Fig. 3.3 shows the variation of average free volume, Vf with the 
fluence. Fractional free volume fv also decreases with fluence. Results of the present 
study indicate that o-Ps lifetime, and therefore, the free volume hole radius for 
Polyamide Nylon-6 polymer decreases with fluence. The intensity of this component 
does not show any appreciable change. 
When a swift heavy ion is bombarded on the polymer, the ion energy is 
transferred to atoms in the polymer chain in a very short time and in a very small 
volume surrounding the ion track. The energy loss by SHI occurs discretely as spur 
(an energy 1 OSS event in ion track involving a small energy deposit) along the ion 
track instead of a continuous decay in energy. The spur energy lies with in 100 eV 
with an average value of 30-40 eV for polymers [36], approximately equal to the 
average energy required to produce one ion or radical pair. This energy transfer may 
lead to radical formation, bond scission and cross-linking. 
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Table-3.1 
Lifetime and intensities of unirradiated and irradiated Polyamide NyIon-6 
polymer 
Fluence t i (ns) h (%) T2 (ns) l 2 ( % ) T3 (ns) I3 (%) 
(ions/cm^) 
0.20 35.96 0.39 46.30 1.71 18,56 
Unirradiated ± ± ± ± ± ± 
0.01 4.24 0.01 4.24 0.01 0.23 
0.17 31.18 0.38 51.78 1.69 18.29 
9.3 X 10"ions/cm^ ± ± ± ± ± ± 
0.01 2.78 0.01 2.64 0.01 0.19 
0.17 32.75 0.37 50.23 1.68 17.89 
3.7xlO'^ions/cm^ ± ± ± ± ± ± 
0.01 1.79 0.01 1.01 0.01 0.18 
0.17 32.46 0.37 50.52 1.67 17.65 
1.8x10" ions/cm^ ± ± ± ± ± ± 
0.01 1.791 0.01 1.01 0.01 0.18 
0.16 29.28 0.36 50.21 1.62 17.01 
3.7 X lO" ions/cm^ ± ± ± ± ± ± 
0.01 2.01 0.01 1.02 0.01 0.18 
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Table-3.2 
The lifetime parameters of o-Ps and radius of free volume hole(R) and fractional 
free volume (fv) in Polyamide Nylon-6 polymer 
Fluence 
(ions/cm ) 
13 (ns) I3 (%) R(A) Vf (A^) fv 
Unirradiated 1.71 
± 
0.01 
18.56 
± 
0.23 
2.57 71.32 2.38 
9.3 X 10"ions/cm^ 
1.69 
± 
0.01 
18.29 
± 
0.19 
2.55 69.91 2.30 
3.7 X lO'^ions/cm^ 
1.68 
± 
0.01 
17.89 
± 
0.18 
2.54 69.66 2.24 
1.8 X lO'^ ions/cm^ 
1.67 
± 
0.01 
17.65 
± 
0.18 
2.53 69.17 2.20 
3.7 X lO'^ ions/cm^ 
1.62 
± 
0.01 
17.23 
± 
0.18 
2.48 64.40 1.99 
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Fig. 3.3: Variation of average free volume (ns) with the fluence (ions/cm ) 
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Dominance of cross linking or scission depends on the polymer and the energy loss 
per unit path length or linear energy transfer (LET). In case of high LET, spurs 
overlap, the probability of two radical pairs to be in neighboring chains is increased 
and cross-linking is facilitated. For low LET spurs develop far apart and 
independently, the deposited energy tends to be confined in one chain (not in 
neighboring chain), leading to scission [6]. The scission causes increase in the free 
volume where as the cross-linking reduces the available free volume [13, 14]. The 
area occupied by the tracks (diameter of the order 1-lOnm) in the sample exposed to 
low fluences (10^-1 O^ions/cm^) is of the order of lO'^cm^. On irradiation o n such 
fluences, average molecular chain length decreases due to scission which eventually 
results in the increase of the free volume. 
At high fluences the area occupied by the tracks becomes comparable to the 
sample area and overlapping of tracks takes place. At these fluences, however 
scissioned segments cross-link randomly, increasing the number of free volume holes 
and decreasing the average free volume. These are schematically shown in Fig. 3.4. 
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Fig. 3.4: Schematic representation of micro structural evolution upon irradiation [37] 
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3.6 Conclusion 
From the positron lifetime measurements of virgin and C i on i rradiated Polyamide 
Nylon-6 samples a decrease in T3 is observed as compared to virgin PN-6. The 
average free volume in the PN-6 is found to decrease with ion fluence (10 -
10'•'ions/cm^) regime. Ion irradiation reduces the available free volume indicating the 
facilitation of cross linking at high LET. Opposite trend was observed in our previous 
measurements at low fluences [33-35] favoring the scissoring. Maximum change of 
9.76 % was observed in a sample irradiated with 3.7 x lO'^  ions/cm^. 
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